ABSTRACT
sites In vivo.
Ribulose 1,5-bisphosphate carboxylase catalyzes the fixation of atmospheric CO2 in the photosynthetic carbon reduction cycle. It is now well established that this enzyme has eight active sites per holoenzyme and that each site is not catalytically competent unless complexed with CO2 and Mg2'. The addition of CO2 and Mg2' to a site, termed activation, involves the carbamylation of a lysine residue, and the percentage ofactivated sites (activation state) can be manipulated in vitro by varying the concentrations of CO2 and Mg2' (9) .
The mechanism of control for activation state in vivo is, however, still controversial; it is unlikely that changes in stromal CO2 and Mg2" concentrations are large enough to cause the variation in activation state observed. In many plants, the activity of RuBP2 carboxylase is regulated by the state of activation. However, a tight-binding inhibitor of RuBP carboxylase, carboxyarabinatol 1-phosphate, has been implicated in the control of RuBP carboxylase activity in some plants, independent of changes in activation state (16) . ' In vitro studies with RuBP carboxylase have demonstrated that the substrate RuBP binds tightly to inactive (noncarbamylated) sites on the enzyme, excluding the activator CO2 molecule, and thus preventing activation ofthe site (8) . RuBP carboxylase, therefore, activates very slowly in the presence of RuBP, even at high concentrations of CO2 and Mg2'. The tight binding of RuBP to inactive sites also stabilizes the inactive form of the enzyme and shifts the activation equilibrium toward deactivation (7) . Thus, RuBP substantially inhibits the rate of activation and will deactivate previously activated enzyme in vitro.
The binding of RuBP to inactive RuBP carboxylase poses questions concerning the control of activation state in vivo. In contrast to in vitro studies, activation proceeds relatively rapidly in vivo in response to an increase in light intensity (13) , and is essentially complete in 5 min. Furthermore, the enzyme has been shown to achieve high activation states (approaching 100%) at high light intensities when RuBP concentrations are typically 4 mm or higher.
Several hypotheses have been advanced to explain the activation and maintenance of high activation states of RuBP carboxylase in vivo. Mott and Berry (11) For experiments that required low CO2 treatment, leaves were placed in a clamp-on leaf chamber, and gas exchange parameters were measured using a gas mixing and analysis system (10) . When the appropriate conditions existed in the chamber, the leaf was quick-killed by firing a stainless steel cutting tube cooled with liquid nitrogen through the chamber with an air driven piston. The top and bottom ofthe chamber were constructed of paraffilm, and they were cut with the leaf tissue and clamped between the bottom of the cutting tube and an aluminum pedestal, also cooled with liquid nitrogen, located under the chamber. The frozen leaf discs were stored in liquid nitrogen before being assayed.
RuBP Assays
Frozen leaf material was ground in a mortar and pestle cooled by liquid nitrogen and then transferred to an ice cold glass homogenizer containing 0.8 mL of 5% perchloric acid. The tissue was further homogenized in the grinder before 200 ,uL was removed and mixed with 800 ,uL of acetone for spectrophotometric determination of pheophytin concentration (18) . One hundred ,uL of 1 M Mops was added to the extract before it was neutralized with KOH to a pH of 6.5 to 7.0. The neutralized extract was spun 5 min at 9000 g to remove the KC104 precipitate, and 100 ,uL ofthe supernatant was added to 400 ML of a reaction mixture consisting of 100 mM Bicine (pH 8.2), 20 mM MgCl2, 15 mM ['4C]NaHCO3 (1 Ci/M), and RuBP carboxylase purified from spinach (5). This carboxylase had no observable ribulose 5-phosphate kinase activity, so other intermediates of the photosynthetic carbon reduction cycle could not be converted to RuBP in the assay mixture. The reaction was allowed to go to completion before acidification with 500 ,uL of 2 N HCI. The solution was evaporated to dryness, and the remaining (acid stable) radioactivity was determined by liquid scintillation.
RuBP Carboxylase Assays
Leaf tissue and PVP were ground in a mortar and pestle cooled by liquid nitrogen, and then further ground in 1.5 mL 100 mm Bicine (pH 8.2) and 1 mM EDTA using a glass homogenizer. Two-hundred ML were removed to 800 ML of acetone for spectrophotometric Chl determination (1). The remaining extract was spun at 9000 g for 30 s, and 50 ML of the supernatant was assayed immediately (as described below) to determine the initial activity (representative of the activity present in the tissue). A portion of the extract was then activated completely with 20 mM NaHCO3 and 20 mM MgC92. For the CO2 concentration was low and the RuBP concentration was fairly high, the consumption of free RuBP took up to 60 s, depending on the prevailing rate of carboxylation and the initial concentration of RuBP. Between 60 and 120 s after the change to darkness the RuBP concentration was approximately equal to that of inactive sites. To demonstrate that mol RuBP/mg Chl and mol inactive sites/mg Chl were varying in parallel when all free RuBP had been consumed, we plotted the values for these two parameters after 60, 90, and 120 s of darkness (Fig. 3) . Differences in mol inactive sites/mg Chl were produced by using different light intensities prior to the change to darkness. Ifthe remaining RuBP was bound to and slowly dissociating from inactive sites of RuBP carboxylase, then the RuBP concentration for these times should have been equal to or slightly lower than the concentration of inactive sites. Therefore, some scatter below the theoretical 1:1 relationship would be expected. The data shown in Figure 3 
